ABSTRACT Generation of arbitrarily shaped transient electric fields in a prescribed bounded region, especially with high precision and low sidelobes, is a challenging fundamental issue with applications ranging from electromagnetic (EM) switch, microwave chemotherapy to wireless power transfer. In this work, we study for the first time the transmission of the EM field excited by point current sources (PCSs) in time reversal cavity (TRC) or time reversal mirror (TRM) from the view of EM radiation. We first decompose the predefined area into a number of spatial grids, those are all utilized as PCSs here. When the electric field of one PCS is calculated, other PCSs are treated as secondary sources. We can get the whole electric field distribution by calculating these grids one by one. Based on this theory, we choose the closed TRC/TRM as excitation transmitters to construct arbitrarily shaped electric field inside TRC/TRM, whose excitation can be synthesized after all the TRC/TRM elements capture their responses to the known probing signals emitted from probe antennas situated at all grids. Thanks to the spatial and temporal focusing property of time reversal (TR), a set of the TR focusing field is produced simultaneously with their focal spots spaced by grids. We successfully and dynamically demonstrate the simple generation method for different desired transient electric fields, and observe the electric distribution during the process of getting desired shaped electric field with time under different limited given regions.
I. INTRODUCTION
With the scope of electromagnetic (EM) wave application unceasingly expanding, EM field shaping in space and time domain with specific geometry is badly needed, especially in tumor microwave therapy, breeding, catalysis, localized wireless power transfer, regional confidential communication, etc.
Presently, significant breakthroughs have been made in the random generation of acoustic and water wave field. In acoustics, point, planar and spherical surface fields have already
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achieved by wave field synthesis [1] - [3] . More complex acoustic fields are achieved physically to control the movement of suspended particlesas [4] . Similarly, some water wave fields with a variety of geometries are generated in an artificial basin [5] , [6] . More complex water wave fields, such as wash wave, are also shaped arbitrarily by numerical experiments [7] , [8] . Besides, there are also some achievements in optics [9] - [11] , such as spatial light modulators [10] and phase conjugation [11] , which are proved to be a powerful means for light control. Taking advantage of electronically tunable micromirrors/microstructured light resonators/liquid crystal cells, both amplitude and phase of light can be freely controlled in an active way [12] , combined with interative real-time feedback optimization and high-resolution optical cameras.
Compared with acoustic field, water wave field and optic control, EM field shaping is most focused on beam forming based on antenna array [13] - [15] , and limited to far field control in free space or uniform media. Thus, researchers are actively exploring the generation of arbitrary EM field in finite space or complex media. An EM field transformation method based on metamaterials [16] is proposed to control EM field arbitrarily in theory, which have attracted increasing attention recently. By utilizing the degrees of freedom offered by metamaterials, EM fields can be freely redirected and focused. However, there are many technique problems needing to be solved, such as large loss, narrow band, high complexity, and poor dexterity of metamaterials [17] - [19] . Unfortunately, how to achieve an arbitrary EM field in limited space or specific media is still little reported. But fortunately, the appearance of time reversal (TR) brings hope to solve this problem, because TR has not only the ability of focusing wave on a specific place in complex media, but also has the environment adaptability, which other technologies do not have. Therefore, recently, many researchers are working hard to tackle this problem based on TR.
In 2010, directive pulsed wavefront is generated in reverberation chambers [20] . In 2011, a method of EM source synthesis is proposed based on TR, which reconstructs an unknown source distribution from its EM far-field radiation pattern combined with reversed-TLM method [21] . Then, porphyritic microwave fields are shaped in reverberating media with electronically tunable metasurfaces based on TR focusing property [22] . However, these methods just generate simple shapes of electric field, such as speckle, which limits its applications. Moreover, there are little researches on the generation of arbitrary electric field in a given finite space or specific media, especially by a simple way, due to the lack of corresponding initial field source.
For addressing the above problems, this paper proposes a generation method of electric field with prescribed pattern in a limited given region at a prescribed time from the view of time domain, which is the most important difference from other studies. Namely, our study concentrates on transient field shaping in time domain. While other studies such as beam forming and metamaterials concentrate on shaping field in frequency domain. These are totally two different research directions to generate electric field. Specifically, shaping field in time domain lays emphasis on wave design. While shaping field in frequency domain pays attention to structure design, such as controlling the amplitude and phase factors of array and constructing optimizing function in a single frequency. Thus, when wide band is required to be utilized in some applications, such as wide band communication for specific area, these methods are difficult because optimizing function need to be reconstructed many times. However, our study addresses this problem very well by using a narrow time pulse to generate a specific electric field, which does not need to reconstruct any optimizing function. Moreover, since the time interval of source used here is narrow, the influence to other nearby places is small. Thus, in term of precision, our proposed method has an absolute superiority with low sidelobes, which will be discussed in detail in Section III. Of course, the time interval of source can be selected according to transmitting devices. Besides, the appearance time of desired shaping field can be controlled in our study by size design of TRC used to design waveform. However, other methods are not able to control the appearance time of shaping field. Here, we also conclude the comparison of our studies and other relevant methods in Table 1 for understanding clearly.
Therefore, the algorithms and method in this paper have guidence in fundamental physical researches on shaping electric filed, especially in limited given regions at a prescribed time.
II. METHODS
In this paper, we deduce the discrete TRC/TRM theory from the view of EM radiation in frequency domain for easy understanding, since the multiplication operation in frequency domain is equivalent to the convolution operation in time domain. The corresponding expressions of formulas in time domain can be obtained just by Fourier transformation. TRC/TRM is closed for wave's propagation. Namely, the angle and amplitude information of propagating wave are not lost, so that the completeness of space information arriving at and resubmitting from TRC/TRM is guaranteed. We first analyze the EM field transmission in a given finite region in general case. Assume a source positioned at r is excited by current J(r ), the electric field propagating from this source can be expressed as
where superscript ''+'' presents the EM field transmission from source to space, which can be viewed as positive transmission as the blue arrows shown in Figure 1 . G + (r, r ) denotes the dyadic Green's function representing the ''propagator'' from source position r to any location r.
When r = r 0 , and the excitation is point current source (PCS), namely J(r) = J 0 δ(r − r 0 ) with linear polarization. Therein, J 0 is the strength vector of PCS, and δ(·) is dirac function, the eq. (1) can be simplified as
Thus, we can obtain the tangential current on the surface of closed cavity as
where, n(r S ) is the normal vector of closed surface, whose position is r S , therein r S is a position vector set, G t + (r S , r 0 ) is the dyadic Green's function tangential component of the surface, and the subscript ''t'' represents the tangential component. Then, we take the sample operation on surface current. The total number of samples is M. Therefore, we can obtain the spatially discrete surface current source (DSCS) as
where m = (1, · · · , M ), and r m ∈ r S because r S is discretized as well, and r m is a position vector element. For simplicity, these DSCSs can also be viewed as PCSs in the space. The surface current source can be written as
If there is no coupling between each DSCS, these DSCSs can be treated as independent radiation sources as the green circles shown in Figure 1 . We substitute eq.(4) and eq.(5) into eq.(1), the electric field generated by DSCSs at any place in a given finite region can be obtained as
where superscript ''−'' represents the EM field propagation from these DSCSs produced by initial PCS in r 0 to the space, which can be viewed as negative transmission as the purple arrows shown in Figure 1 . E − (r) is also called the electric field generated by the secondary source, and its discretiza-
where N is the total number of discrete E − , h 0
Above is the procedure of positive and negative transmission fields. According to the Huygens principle [23] - [25] , the EM wave gradually propagates step by step by exciting secondary waves that then reradiate to form the next wavefront; the phase (transmission direction) of these secondary waves are the same as the incoming EM wavefront, and the wavefront at any later time can be considered as the envelope of these secondary waves. Thus, the EM field excited by initial PCS just propagates forward. Now, we put the antenna elements in all positions of green circles shown in Figure 1 to replace the space grids for constructing TRC/TRM. If we do not take any operations on the signal impinging in TRC/TRM, the EM field will still propagate forward, and the direction of transmission is not changed, that is the same as the incoming field. Then the desired field can not be shaped. For addressing this problem, we take advantages of TR to achieve reverse phase of impinging field and retransmit the reverse field to build the wanted field.
The specific steps are as follows: 1). The given limited region is decomposed into a number of spatial grids, which are all used as PCSs here; 2). All antenna elements calculate and record all electric fields at their own positions. Here, all antenna elements are only used as discrete secondary sources when they are impinged by the incoming EM field, and initial PCSs when they send the resubmitting EM field. Note that when the electric field of one PCS, which is inside TRC/TRM, is calculated, other PCSs, which are also inside TRC/TRM, are treated as secondary sources; 3). The EM fields in TRC/TRM originated from PCSs inside TRC/TRM, will generate surface current on the surface of TRC/TRM, that will be discretized, time reversed, energy normalized at the TRC/TRM; 4). According to the shape of wanted electric field, antennas resubmit the processed synthesized excitation containing all initial and secondary fields originated from the profile of desired shape to the given limited region. Therefore, the wanted shaped electric field is obtained with high precise and low sidelobes because of the high spatial and temporal focusing property of TR. Now, we give the theory of EM field transmission in the TRC/TRM. The resubmitting TR electric field generated by these time reversed discrete secondary sources on the surface of TRC/TRM, whose propagation is also called negative transmission but with the reverse phase, is shown as the red arrows in Figure 1 , can be expressed as
where superscript '' * '' represents conjugation. The electric field will focus on the position of original source through the respective channel between original source and TRC/TRM. According to spatial reciprocity principle [26] , we can get r 1 ) . And the electric field at the location of original source is
where subscript ''nor'' represents the normal component.
Here, we divide G t ) * = 0 because of orthogonality. This phenomenon will not happen in the other places because of phase complement and orthogonality mismatch. Therefore, we can produce electric field with any shape in any place of the finite given region, which is surrounded by TRC/TRM elements.
As the elements of TRC/TRM are all vertical dipoles or monopoles, and J 0 is linear polarization, we can obtain that J 0 t is the strength of J 0 , whatever shape TRC/TRM is. Namely, J 0 t is the same at any position on the surface of TRC/TRM. Further, it has no influence on the electric field distribution. Therefore, for similarity, we do not consider about the effect of J 0 t on field shaping in the following analysis.
Next, we analyze the electric field around the focused point r 0 . Specifically, the transmission direction of electric field can be divided into two parts, the positive direction is on the right of r 0 , oppositely, the negative direction is on the left of r 0 , as shown the black arrows in Figure 1 .
Here, also for similarity, we deduce the electric field around focused point r 0 by scalar Green's function. For any point r A in the observation space, assume r A = r 0 + r, the time reversal field can be expressed as (10) Therefore, when r is small, we can observe the electric field around the focused point as eq.(10). Then, we discretize the time reversal field and rewrite the eq. (10)as
where subscript ''−'' and ''+'' represent the negative and positive directions respectively. Note that any point (grid) inside TRC/TRM has two directions at two sides of its own position. ''θ '' is the angle between the wave vector k m and r, M 1 is the total number of antenna elements of TRC/TRM in the negative direction of r 0 . Thus, by using different r, we can observe the two-direction electric field distribution with time in a prescribed bounded space.
III. RESULTS AND DISCUSSION
In the simulations, we observe the specific field shaping in a circular TRC, since circular arrays are widely used in practial engineering fields. And the limited given regions are in free space. Moreover, because conventional perfect TRC is totally closed, which cannot be realized actually, we use 360 antenna elements to construct circular TRC plane with 1 • interval degree of each antenna. We use Gaussian modulated pulse of 0.4082 ns duration centered at 2.45 GHz as a channel detection pulse and retransmitted shaping pulse. We want to generate transient electric field at 4.0816 ns. Thus, the radius of TRC can be obtained by 4.0816 ns ×c = 10λ, therein, λ = 122 mm is the wavelength corresponding to 2.45 GHz, and c = 3 × 10 8 m/s is the velocity of light. The heart-shape electric field is adopted to be shaped at first.
Firstly, we obtain the channel information of all grids, which are generated by decomposing the predefined area, through placing the probes at all grids. Then, we picked out the channel information of heart shape (wanted shape) in the desired position, and take TR operation on these channel information at the corresponding respective antenna elements of TRC/TRM. Therein, the property of heart-shape structure can be chosen at any place with any size. Here, the size is 1200 mm × 1200 mm, and the center is [0 mm, −400 mm].
Secondly, we use the time reversed signal as shaping pulse, which will be retransmitted by the respective antenna elements, and remove the probes.
Finally, we observe the electric field distribution in the given limited space. The whole simulation is executed by MATLAB software. The total observation time is 8.1633 ns, which means the transmitting distance is the diameter of TRC. Additionally, the given finite region can be constructed as any shape. We take square, circular and trapezoidal shapes for example. Therein, the square region's range is [−800 mm, 800 mm] in both X and Y axes, the circular region's radius is 8.5 λ, and the lengths of upper and lower sides of trapezoidal region are 678.85 mm and 1714 mm respectively. The results are shown in Figure 2 , Figure 3 and Figure 4 separately. We can obtain the desired shaped electric field at 4.0816 ns, whatever shape the limited region is. Then, we have already proved that similar results can be obtained in pentastar electric field shaping case by the same method.
Next, we try a complex shaped field shaping in the given finite limited circular region discussed above for example. The complex shape is a superposition shape of a pentastar and a heart. As the results of field shaping shown in Figure 5 , we can obtain the desired field at 4.0816 ns with the same TRC. More simulations are proved that any shaped transient electric field at any place of a given limited region with any shape can be achieved by the same method, and the similar results can be obtained as well. The time at which the desired shaped field appears is related to the selection of the size of TRC. In the above analyses, the size of TRC is the same in all simulations, therefore, the time corresponding to the appearance of wanted shaped electric field is the same, namely, 4.0816 ns, which has a good agreement with our devise.
For comparative analysing, we change the wanted appearance time of desired shaped electric field into 8.1633 ns, which is twice of the appearance time of shaping field discussed above, and get the radius of TRC as 20λ, which is also twice of the TRC's radius discussed above. The corresponding transient electric field distribution is shown in Figure 6 , and the total observation time is 16.3266 ns. It is obvious that the time of appearing the desired shaped electric field is 8.1633 ns, which is absolutely in accordance with the size design of TRC. Thus, we can conclude that the time of appearing the desired shaped electric field can be adjusted according to the size of TRC, so that we can obtain the desired electric field with any pattern at any time according to the size design of TRC combined with the proposed method.
Furthermore, from the simulations, we can conclude the precision of our proposed methods from two aspects: one is time precision. The appearance time of shaping field in the simulations is totally in accorde with our design. This is high time precision. The other aspect is location precision. These complex shaped electric fields appear at the wanted position accurately without any misalignment including the center and size of desired shape. This is high location precision.
IV. CONCLUSION
In this paper, we deduce electric field distribution of original and secondary sources from the view of EM radiation, and propose a method to generate transient spatial electric fields with arbitrary geometrical patterns at a high resolution and with low sidelobes. The electric field can be focused towards specific directions. After pre-defining the shape of field, we can observe the electric field distribution with time, and get the electric field value at any place in a limited/given space at a prescribed time. The electric field can be generated at any time, which is determined by the size of TRC. Different from the methods like metamaterials or spatial light modulators, the proposed method resorts to field anaysis and synthesizing the excitation of the TRM/TRC for various spatially-shaped electric field generation. The inherent flexibility of the temporal excitation synthesis makes the arbitrarily-shaped field generation in the microwave bands quite simple. Our methods and analyses can be extended to various microwave fields in more environments, such as complex media and limited space with any shape, due to the basic superposition principle of sampling and TR focused fields. These merits make it very valuable for applications in some fundamental scientific studies.
